Abstract. An investigation of wave-particle interactions is made using several simultaneous electron and wave measurements performed at near-equatorial positions from the CRRES satellite. Bursts of electron precipitation were observed, most frequently at local times near dawn. Examples of bursts are presented in which the fluxes of the precipitating electrons and the wave intensities are correlated with coefficients as high as 0.7. During bursts the frequencies of the enhanced waves spanned a wide range from 311 Hz to 3.11 kHz, and the energies of the enhanced electrons were in the range 1.7 keV to 288 keV. The changes of the precipitating fluxes were generally less pronounced at the lowest energies. On the basis of electroncyclotron resonant calculations using the cold plasma densities and ambient magnetic fields taken from the CRRES measurements it was found that the wave frequencies and precipitating electron energies were generally consistent with those expected from electron resonance with parallel propagating whistler waves. The electron data of principal concern here were acquired in and about the loss cone with narrow angular resolution spectrometers covering the energy range 340 eV to 5 MeV. The wave data included electric field measurements spanning frequencies from 5 Hz to 400 kHz and magnetic field measurements from 5 Hz to 10 kHz.
Introduction
Electrons trapped in the radiation belt can interact with waves that may be present and may consequently undergo a change in equatorial pitch angle such that their mirror point altitudes are lowered into the atmosphere, and the electrons are thereby lost from the radiation belt. The role of waveparticle interactions in the morphology of the electron radiation belt has been well established by many experimental and theoretical investigations.
From a low-altitude satellite, Injun 3, Oliven and Gurnett [1968] made simultaneous measurements of electron bursts and of VLF chorus emissions at high latitudes. They found that the bursts of precipitating electrons were always accompanied by chorus emissions. However, chorus bursts were not always accompanied by electron precipitation bursts. A one-to-one association between individual electron precipitation bursts and individual chorus emissions was not generally found.
Electron precipitation into the atmosphere can also be detected remotely with bremsstrahlung X ray detectors placed on a balloon, rocket, or satellite. Correlated bursts ofvealed the frequent presence of monochromatic frequencies in the 10-25 kHz range that are attributed to ground-based VLF transmitters [Imhof et al., 1981] . Narrow and sometimes multiple peaks in the energy spectra of precipitating electrons were observed from the P78-1 satellite. The peak energies varied with L value in a characteristic pattern which, when combined with the nearly simultaneous occurrence of narrow band wave frequency, supported the conclusion that the narrow peaks in the electron spectra resulted from cyclotron resonance interactions with the waves produced by ground-based VLF transmitters.
Simultaneous measurements of the precipitating electron spectra, the wave frequency distributions, and the plasma density profiles in the slot region of the radiation belt were made for the first time by Imhof et al. [1982] . The plasma wave densities, which were obtained from the ISEE 1 data and the electron spectra measured on the P78-1 satellite were found to be consistent with each other, supporting the hypothesis of Lyons et al. [1972] that electrons in the slot region are precipitated by cyclotron resonance interaction with the plasmaspheric whistler mode wave bands.
In From a low-altitude satellite, Voss et al. [1984] reported the first satellite measurements of electron precipitation by lightning. A one-to-one correlation was found between ground-based measurements of VLF spherics and whistlers and the low-altitude satellite measurements of precipitating energetic electrons.
Although many of the past observations provided indirect evidence connecting pitch angle scattering into the loss cone and plasma waves, there remains a serious lack of simultaneous wave and electron measurements near the equator where most of the wave-particle interactions are believed to take place. Recently, examples of simultaneous electron and wave measurements from the CRRES satellite were presented by Imhof et al [1992] . The CRRES satellite offered the advantages of providing near-equatorial measurements at altitudes up to 35,786 km and therefore over a wide range of L shells. The precipitating electron fluxes were obtained with fine angular resolution spectrometers oriented at various angles to the satellite spin axis. Using these fine angular resolution measurements, Imhof et al [1992] showed examples in which the variations in electron fluxes in the loss cone and the wave intensities were correlated.
Here we present the results of a more comprehensive analysis of the CRRES events. In particular, we provide the results of a quantitative study of the relative variations of particle and wave intensities. The results are discussed in the context of the Kennel and Petschek [1966] theory, and an evaluation is made of the occurrence frequency of the events in L and local time.
Description of Instrumentation
The CRRES satellite was launched on July 25, 1990, into a geosynchronous transfer orbit with an apogee of 35,786 km and a perigee of 350 km. The geosynchronous transfer orbit of CRRES and its inclination of 18 ø allowed the instruments to obtain extensive measurements of the radiation belts and magnetosphere near the equatorial plane throughout the 14-month mission. Apogee at launch was at about 0800 local time, and the spacecraft precessed toward earlier local times at a rate of about 15 hours per year. One of the instruments in the payload, the Spectrometer for Electrons and Protons (SEP), had a fine angular resolution (_+ 1.5ø); covered the energy range 40 keV to 5 MeV; and had detectors oriented at 80 ø , 60 ø , and 40 ø to the satellite spin axis [Nightingale et al., 1992] . Energy spectra were obtained by pulse height analysis of the signals from silicon detectors; the four lowest energy channels had center energies of 53 keV, 77 keV, 100 keV, and 124 keV and widths of 25 keV. The low-energy ion mass spectrometer (IMS-LO) instrument provided measurements of lower-energy electrons in three broad energy bands centered at 340 eV, 1.7 keV, and 8.9 keV at 75 ø to the satellite spin axis and with an angular resolution of +2.5 ø [Collin et al., 1992] . The angular resolution of these instruments is adequate for measurements of outer belt electrons in and about the equatorial loss cone which is about _+4 ø wide at L = 6.
The CRRES detectors scanned a range of pitch angles as the spacecraft rotated about its spin axis which pointed approximately sunward. The view direction of an instrument which is at an angle to the spin axis will sweep out a cone as the satellite rotates and will view pitch angles which are the angles between the cone surface and the field line. The range of pitch angles viewed is limited by the relative orientation of the field line and the axis of the cone, i.e., the spin axis. An instrument will view directly along the field line only when the spin axis is oriented such that the field line lies on the surface of the cone. All of the data needed for this study were taken from periods when the orientation allowed SEP to view within a few degrees of the field line.
The ac electric and magnetic field data used in this study were provided by the University of Iowa/Air Force Geophysics Laboratory ( In order to obtain a database for studying short-duration bursts of precipitating electrons, the SEP electron data were surveyed for bursts in the fluxes of electrons at pitch angles <4 ø . The bursts were identified on the basis of the degree to which they stood out above the ambient radiation fluxes.
Because CRRES took several tens of minutes to pass through the outer radiation belt, all of the bursts had shorter durations with the longest being 18 min. For this reason, enhancements with durations exceeding 18 min were not included in the survey. Only pronounced events were considered, so it was required that during the burst the electron flux at 0 ø to 4 ø pitch angle increase by at least a factor of 2 with a subsequent decrease also of a factor of 2 or greater.
From the surveys, information was obtained on the dependence of the occurrence of electron bursts upon magnetic local time (MLT) and upon the value of L. Various ephemeris parameters are listed in Figure 4 (bottom), including L, MLT, and the ratio of the local magnetic field strength to that at the equator (B/Bo). The value of B/Bo was generally very close to 1.0, indicating the measurements were performed close to the equator. It is also noteworthy that in all of the burst events described here the enhanced precipitating electrons were moving in directions away from the equator. We were unable to compare electron fluxes directed toward and away from the equator because SEP and IMS-LO did not view both loss cones during any spin. displayed good correlation with the fluxes of precipitating electrons. For this purpose the pitch angle for each 0.25-s sample was calculated using magnetic field data from the CRRES magnetometer. Because the pitch angle coverage of the detectors was not always complete, a method was developed to extrapolate the measured distribution to small pitch angles that may not have been sampled. The method is to fit the fluxes measured between 0 ø and 30 ø pitch angle to a fourth-order polynomial. The fluxes given by the polynomial fit were then used to study the variations with time of fluxes at a given pitch angle. The fit was also used to integrate the distributions over arbitrary pitch angle ranges. Although the fourth-order polynomial fit may not be the most accurate way to fit fluxes within the loss cone, the fitting procedure was never used to extrapolate the measured distributions by more than a few degrees. Because we are primarily concerned with the temporal variation in the fluxes, the errors produced by this simplified approach do not affect our conclusions. Visual inspection of each of the fits was made to ensure that no unrealistic extrapolation of fluxes resulted from this procedure. Flux measurements within the loss cone are compromised to some extent, in any case, because the angular resolution of the detectors, although very fine, is comparable to the angular width of the loss cone for the near-equatorial measurements. For this study, no attempt has been made to correct for the finite acceptance angle of • lOO The characteristics of these events can be summarized as follows. it was found that the wave frequencies and precipitating electron energies were generally consistent with each other. 7. On one satellite pass when wave bursts were observed with peak intensities at different frequencies the electron bursts were most dominant at lower energies when the waves peaked at higher frequencies. Figure 6 support the theory quite well in terms of the relative enhancements in the lower-and higher-electron energy channels. Our general impression from examining all of the events leads to the conclusion that the interaction between bursts of higherfrequency waves and lower-energy electrons is much weaker. The low-energy electrons appear to have many variations that may not be associated with the wave bursts.
Electron precipitation bursts
Kennel et al. [1970] pointed out that since whistlers interact primarily with high-energy electrons, it is doubtful that they could also be responsible for the copious loss of softer (<1 to 10 keV) electrons from the nightside auroral lines of force. Subsequently, this suggestion was investigated extensively; for example, Lyons [1974] calculated diffusion coefficients for resonance with the type of intense electrostatic waves observed by Kennel et al. [1970] . Recently, Johnstone et al. [1993] found that wave-particle interactions occur at energies below 10 keV. Although enhancements at low-electron energies were not observed in most of the events studied here, the few events that were identified indicate that wave-particle interactions at energies below 10 keV occasionally occur.
For one event during orbit 69 it was found that the enhancement in the ratio of precipitating to trapped fluxes at low-electron energies occurred in association with an overall flux decrease. This is different from the behavior observed for the high-energy electrons, where these events invariably accompany an overall increase in flux. The events that occur 
